Influence of Curing Regimen on the Distortion of a Work-piece held by a Hybrid PAAW Fixture  by Doll, Kristopher et al.
doi: 10.1016/j.promfg.2016.08.026 
 
Influence of Curing Regimen on the Distortion of a 
Work-piece held by a Hybrid PAAW Fixture 
Kristopher Doll, Edward De Meter, and Karan Arora 
The Pennsylvania State University, University Park, PA, USA. 
kdoll174@gmail.com, ecd3@psu.edu, kxa228@psu.edu 
 
 
 
 
Abstract 
The formation of adhesive joints between a work-piece and grippers provides an effective means 
of stiffening compliant work-piece regions.  However if the grippers are anchored in the fixture, the 
residual stresses that result from adhesive shrinkage can significantly distort the work-piece regions 
they are intended to support. This research shows that distortion is heavily influenced by curing 
regimen. When adhesive joints are cured sequentially, the order in which adhesive joints are cured can 
be manipulated to minimize the distortion at various regions as well as minimize the maximum 
distortion for the overall region.  Curing order also heavily influences the residual forces in the 
adhesive joints while simultaneously not affecting system compliance. Curing the adhesive joints 
simultaneously neither leads to the maximum distortion for a system nor the minimum.   
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1 Introduction 
Photo-Activated Adhesive Work-holding (PAAW) is a new fixture technology that is used in a 
variety of industries.  A common application of the technology is work-piece support.  This is 
illustrated in Figures 1 and 2.  The aerospace part that is shown originates as a magnesium casting. 
Various milling and hole making processes are employed to clean up various surfaces. The hybrid 
fixture incorporates locating pads and locating pins to register the magnesium casting.  Mechanical 
clamps that directly oppose the locating pads are used to restrain its rigid body motion.  Typically both 
pads and clamps are arranged along the part periphery. Adhesive joints are formed between grippers 
embedded in the fixture and the underside of the work-piece.  This is done to support highly, 
compliant sections of the work-piece that are to be machined in order to prevent chatter and excessive 
flexure. 
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The bonding agent is a photo-curable, structural adhesive, which is deposited on to the grippers 
prior to work-piece loading.  A gripper, which is illustrated in Figure. 2 contains a crystal core, 
commonly referred to as a gripper pin, which is surrounded by a metal chassis.  UV radiation is 
transmitted through the gripper pin to polymerize the adhesive joint between the gripper and work-
piece.  The UV radiation is sourced by a mercury halide spot lamp and transmitted to the gripper using 
a light guide.  In most applications, the adhesive joints are cured sequentially.  However it is not 
uncommon to use multiple lamps and split light guides to cure the adhesive joints simultaneously in 
order to save bonding time.   
 
 
 
 
 
 
 
 
 
 
 
 
There are a number of advantages to using grippers as supports.  They provide complete access to 
the topside of the work-piece.  The uncured adhesive fills the gaps between the irregular work-piece 
surface and grippers without mechanical adjustment.  The cured adhesive provides restraint to the 
work-piece interface in all directions.  Lastly the adhesive exhibits visco-elastic behavior at room 
temperature (Pisa and De Meter 2015), and is excellent at dampening out work-piece vibration 
(Raffles et. al 2013). 
A negative attribute of this technology is that the adhesive shrinks during polymerization, which 
tends to pull the work-piece interface towards the gripper.  This causes the work-piece to distort 
elastically prior to processing.  While these effects are small in comparison to the typical distortion 
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a)  Magnesium casting after machining  b)  Magnesium casting removed from fixture  
Figure 1. Hybrid Fixture used to Hold Magnesium Casting (courtesy of Precision Grinding & 
Manufacturing) 
 
Figure 2. Gripper 
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induced by mechanical clamps and supports, they can be significant in tight tolerance applications.  
Consequently the factors that affect this distortion need to be understood and controlled.  
From previous adhesive research (Slopek 2008, Watts and Marouf 2002, Hudson et. al 2002, 
Dauvillier et. al 2001, Min et. al 2010)  it is known that polymerization shrinkage results from the 
creation of covalent bonds between monomers that were previously held together by van der Waals 
forces.  If a volume of uncured adhesive is unrestrained, its shape change during polymerization is 
negligible, and its volumetric shrinkage is dictated by its chemistry.  If the adhesive is restrained at 
one or more interfaces, this will heavily influence its viscous flow prior to reaching the gel point.  In 
turn this will heavily influence its shape transformation.  Once past the gel point, continued shape 
transformation and shrinkage will be countered by the increasing elastic modulus and strength of the 
adhesive.  Ultimately polymerization shrinkage, viscous flow, visco-elastic strain, and plastic strain 
will dictate the final shape of the restrained adhesive as well as the residual stresses within it.  
As it relates to PAAW technology, Doll (2014) investigated the shrinkage behavior of an adhesive 
joint bonding a flat work-piece interface to a gripper.  The research revealed that as a PAAW joint 
simultaneously shrinks and solidifies during polymerization, the adhesive joint necks in the mid- 
section.  This is due to adhesion at the work-piece and gripper interfaces as the adhesive viscously 
flows inward prior to reaching the gel point.  The severity of necking is dependent on the diameter-to-
thickness ratio of the adhesive joint.  As the ratio decreases, the propensity for necking increases.  In 
turn, this reduces the displacement of the work-piece interface toward the gripper.  Interface 
displacement also decreases with an increase in the displacement stiffness of the work-piece interface.  
Lastly the interface displacements are permanent.  The adhesive joints do not stress relax after 
polymerization, regardless of the residual stresses that develop. 
 
Doll [8] captured these relationships using the following empirical equation: 
 
ο ൌ ஒ୲ଵାୟή௧್ή௞೎ೢ              (1) 
where t is the thickness of the uncured adhesive joint, kw is the translational stiffness of the work-
piece interface, β is the fractional volumetric shrinkage of the adhesive, ∆t is the change in adhesive 
joint thickness, and a, b, c are empirical coefficients.  Since the gripper interface is ordinarily much 
stiffer than the work-piece interface, the work-piece interface displacement is essentially equivalent to 
∆t.  This model was shown to have great fidelity to experimental data derived using a commercially 
available adhesive and gripper, and broad ranges of joint thickness and work-piece interface stiffness. 
This research extends this work to investigate the influence of curing regimen on distortion when 
multiple grippers are used.  Curing regimen refers to how the adhesive joints are cured temporally.  
For example are they cured simultaneously or sequentially.  If the latter, what is the order in which 
they are cured.  The research describes a simple modeling and analysis methodology that can be used 
to predict the impact of sequential curing on work-piece distortion, changes in fixture-work-piece 
system compliance, and residual forces in the adhesive joints.  It provides experimental data that 
validates the ability of this model to predict work-piece distortion, and shows how curing sequence 
can have a significant effect on it as well as residual force distribution.  Lastly it provides experimental 
data derived from the simultaneous curing of adhesive joints, and shows how it differs significantly 
from cases involving sequential curing.    
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2 Shrinkage Phenomena Investigated and Modeled 
Figure 3 shows the PAAW sub-system considered in this research. For purposes of illustration, 
only two grippers are illustrated.  In addition, only the portion of the work-piece that is to be supported 
by grippers is illustrated.  The system of hard contact locators, clamps and/or grippers that fully 
restrain its rigid body motion are not illustrated. The grippers are anchored in the fixture and are in the 
same orientation.  The work-piece interface for each adhesive joint is flat and parallel to the gripper 
surface.  The gaps between the grippers and work-piece are filled with uncured adhesive.  The 
variables t1 and t2 define the gap thicknesses of the uncured adhesive joints.   
 
 
 
 
 
 
 
 
 
 
 
 
When the adhesive joints are cured, they simultaneously shrink and solidify as illustrated in Figure 
4.  The shrinkage results in a reduction in gap thickness Δt1 and Δt2 at each respective adhesive joint in 
conjunction with residual tensile forces fr1 and fr2.  Note that there may be minor rotations of the 
interfaces as well but their effect is negligible in comparison to the interface translations.   The curing 
process also creates a plastic support structure between the work-piece and each gripper.  The 
translational stiffness of each adhesive joint is represented by the variables k1 and k2.  
 
 
 
 
 
 
 
 
 
 
 
 
If the adhesive joints are cured sequentially, it is expected that the values of Δt1, Δt2, fr1, and fr2 
will be heavily influenced by the order in which the adhesive joints are polymerized. The rationale for 
this is as follows. Due to the inherent cross compliance of the fixture-work-piece system, the 
translation of any work-piece interface will result in the translation of others. Consequently the gap 
distance between the work-piece and each gripper will change with the polymerization of each 
successive joint.  This is true whether the adhesive for a particular joint is uncured or cured.  In the 
case of the former, this will directly affect the change in gap thickness of the uncured, adhesive joint.  
In accordance with equation (1), this will influence the magnitude of the work-piece interface 
displacement resulting from its polymerization.  Lastly with each successive adhesive joint 
polymerization, the translation stiffness of the work-piece interface increases for all adhesive joints yet 
to be polymerized.    
t1 t2 
Work-piece 
Adhesive Adhesive 
Gripper #1 Gripper #2 
Figure 3.  Work-piece-Gripper system prior to adhesive joint polymerization 
∆t1 
Work-piece 
fr1 fr2 
k1 ∆t2 k2 
Figure 4.  Work-piece-Gripper system after adhesive joint polymerization 
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To predict the impact of curing sequence on these variables, the following approach is taken.  It is 
assumed that N adhesive joints are to be cured.  Furthermore it is assumed that each gripper interface 
has substantially greater stiffness than its work-piece interface counterpart.  Consequently gap 
thickness reduction is due entirely to work-piece interface displacement. 
 
A system of nodes is defined relative to the adhesive-work-piece interfaces as illustrated in Figure 
5.   The nodes are numbered in the order in which the adhesive joints are cured.  The nodes exist at the 
center of each respective adhesive joint interface.  Associated with each node is a nodal displacement  
 
 
 
 
 
 
 
 
 
and external force that are normal to the interface with corresponding magnitudes of dj and fj. The 
vector d = [d1, d2, …dN]
T and the vector f = [f1, f2, …fN]
T represent the system of displacement and 
force magnitudes.  The N X N compliance matrix C is used to define the following relationship 
between these two vectors: 
 
d = Cf           (2) 
 
This matrix may be derived experimentally or analytically from a finite element model of the 
work-piece and fixture elements that restrain it.  Note the fixture elements do not include the grippers 
under consideration. 
As it relates to the problem at hand, the values of d correspond to changes in the gap thicknesses 
between the work-piece and grippers.  The values of f correspond to both shrinkage forces and 
reactive forces at previously cured adhesive joints.  With each successive joint polymerization, the gap 
thicknesses change as do the external forces acting on the work-piece.  The values of the compliance 
matrix also change to reflect the additional stiffness imparted by the cured adhesive joint.   
To model the relationships between these variables, the following nomenclature is used. The index 
variable j is used to denote the identification number of an adhesive joint.  The index variable i is used 
to denote the identification number of the adhesive joint being cured. The compliance matrix Ci is 
used to characterize the system compliance that results from the curing of joint i.   The coefficients in 
this matrix are identified as Ci,j,k.  The index i corresponds to the joint being cured.  The index j 
corresponds to the nodal displacement affected by the external force, and the index k corresponds to 
the nodal force.  
The variables ∆ti,j, and  fi,j are used to represent the change in gap thickness and the change in 
external force that results at adhesive joint j during the polymerization of adhesive joint i.  The 
variable ti,j,   represents the thickness of adhesive joint j after the curing of adhesive joint i.  The 
variable kj represents the tensile stiffness of adhesive joint j after it is cured.   The variable tj represents 
the gap thickness of adhesive joint j prior to any adhesive joint being cured. 
As a final note, i equal to 0 corresponds to the state of the system prior to the bonding of the first 
adhesive joint.   Consequently ti=0,j is equivalent to tj, and Ci=0 is equivalent to C.   
During the polymerization of adhesive joint i, the change in its gap thickness is going to be 
governed by the variables defined in equation (1); namely the fractional volumetric shrinkage of the 
adhesive, the thickness of the uncured adhesive joint, and the translational stiffness of the work-piece 
d1 
Work-piece 
f2 
f1 d2 
Figure 5.  Nodal system for compliance model  
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interface.  The latter two variables are ti-1,j=i and the inverse of Ci-1,j=i,k=i .  Substituting these variables 
into equation (1) yields: 
 
οݐ௜ǡ௝ୀ௜ ൌ
୺ή௧೔షభǡೕస೔
ሺଵା௔ή௧೔షభǡೕస೔್ ή஼೔షభǡೕస೔ǡೖసೕష೎ ሻ
  for i = 1 … N, j = i     (3) 
 
Note in the expression above, the prescribed range for i applies only to the main variable that 
appears on the left hand side of this equation (e.g.  ∆ti,j=1).  All other index variables are assigned 
prescribed values.  This nomenclature convention will be used for all other equations to follow.   
Due to the effect of cross compliance, the incremental change in gap thickness for all other 
adhesive joints in the system (e.g. j≠i) will be related to ∆ti,j=i  by the following equation: 
 
οݐ௜ǡ௝ ൌ
஼೔షభǡೕǡೖస೔ήο௧೔ǡೕస೔
஼೔షభǡೕస೔ǡೖస೔
   for i = 1 …N, j≠i       (4)  
 
This will in turn change the absolute gap thickness for each adhesive joint as described by the 
following equation:   
 
ݐ௜ǡ௝ ൌ ݐ௜ିଵǡ௝ െ οݐ௜ǡ௝for i = 1 …N, j = 1 …  N      (5) 
 
The changes in the forces acting at the nodes is related to the changes in gap thicknesses by the 
following system of equations:  
 
܎୧ ൌ ۱୧ିଵିଵ οܜ୧ for i = 1…N         (6) 
 
where fi and ∆ti are N x 1 vectors containing the variables fi,j and ∆ti,j respectively. 
The curing of adhesive joint i will create a solid, polymer column between the gripper and the 
work-piece.  As stated previously, this column will have a slight neck.  The formation of this neck will 
significantly influence the incremental change in gap thickness, but will have negligible effect on the 
resultant axial stiffness of the joint.  Consequently the shape of the adhesive joint can be approximated 
as a straight cylinder of height ti,j=i and diameter Dg, the latter being the gripper diameter.  Letting E 
define the elastic modulus of the cured adhesive, the value of kj=i is defined by the following equation:   
 
௝݇ୀ௜ ൌ
గή஽೒మήா
ସή௧೔ǡೕస೔
  for i = 1 …N        (7) 
 
The creation of this polymer support will change the compliance of the entire system.  The new 
compliance coefficients are defined as follows: 
 
ܥ௜ǡ௝ୀ௜ǡ௞ ൌ
௞ೕస೔షభ ή஼೔షభǡೕస೔ǡೖ
௞ೕస೔షభ ା஼೔షభǡೕస೔ǡೖస೔
  for i = 1 …N, j = i, k = 1 … N      (8) 
 
ܥ௜ǡ௝ǡ௞ୀ௝ ൌ ܥ௜ିଵǡ௝ǡ௞ୀ௝ െ
஼೔షభǡೕǡೖస೔ή஼೔షభǡೕస೔ǡೖస೔
௞ೕస೔షభ ା஼೔షభǡೕస೔ǡೖస೔
 for i = 1 …N,  j ≠ i, k = j     (9) 
 
ܥ௜ǡ௝ǡ௞ ൌ ܥ௜ିଵǡ௝ǡ௞ െ
஼೔షభǡೕǡೖή஼೔షభǡೕస೔ǡೖస೔
௞ೕస೔షభ ା஼೔షభǡೕస೔ǡೖస೔
  for i = 1…N, j ≠ i, k ≠ j                (10) 
 
After the curing of adhesive joint j=N, the cumulative change in gap thickness and residual tensile 
force are defined by the following equations for each adhesive joint: 
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οݐ௝ ൌ ݐ௜ୀேǡ௝ െ ݐ௜ୀ଴ǡ௝ for j = 1 … N                    (11) 
 
୨ ൌ σ ୧ǡ୨୒୧ୀଵ  for j = 1 … N                                                                        (12) 
 
3 Experiments and Analysis 
To investigate the influence of curing regimen on work-piece distortion as well as validate the 
analysis methodology, a series of experiments were executed using Blue Photon S1 adhesive, Blue 
Photon 250 Head Out Grippers, and the test apparatus illustrated in Figure 6.  The commercially 
available adhesive is a urethane-acrylic blend that also contains acrylic acid adhesion promoters, 
thermo-plastic impact modifiers, and silica viscosity modifiers.  The commercially available gripper 
has a steel chassis with a diameter Dg = 12.45 mm and a gripper pin diameter of 6.35 mm. The 
shrinkage behavior of this adhesive when used in combination with this gripper was previously 
characterized by Doll [8].  Referring to equation (1), the values of β, a, b, and c for this system are 
0.067, 0.685, 0.789, and 0.553 respectively.  The elastic modulus of the cured adhesive is 0.5 GPa [8]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The test apparatus consists of an aluminum beam extended from two connected columns, two 
grippers mounted into a rigid gripper block, and two opposing anvils mounted into the beam.  The 
steel anvil has the same external geometry as the gripper.  An anvil nut is used to set the gap thickness 
between the gripper and anvil. 
A Lion Precision C1 capacitance gage is directly mounted over the tail end of each anvil.  The 
gages are used to measure the displacements of the anvils during a shrinkage experiment.  
To photo-polymerize an adhesive joint, curing light is supplied to the gripper pin using a Lumen 
Dynamics 2000 spot lamp in combination with a 5 mm light guide.  In this investigation, the adhesive 
1) Gripper #1 
2) Gripper #2 
3) Anvil 
4) Anvil nut 
5) Beam 
6) Capacitance Gage 
7) Gripper Block  
4 
6 6 
4 
5 
3 3 
1 2 
7 
Figure 6. Test apparatus used for executing multi-gripper adhesive shrinkage 
experiments
Distortion of a Work-piece held by a Hybrid PAAW Fixture Doll et al.
301
  
joints were exposed for 1.5 W (wavelength: 320 nm to 500 nm) of curing light for a duration of 40 
seconds. 
Three factors were varied in these experiments.  They were beam stiffness, uncured adhesive joint 
thickness, and curing regimen.  Two levels of beam stiffness were investigated.  One level was 
realized by using the beam as illustrated.  The other level was achieved by mounting a support 
structure underneath it to stiffen it.   These levels are referred to as “low stiffness beam” and “high 
stiffness beam.”  Three levels of uncured adhesive joint thickness were realized by changing the anvil 
nuts.  These levels were 0.4 mm, 0.9 mm, and 1.4 mm.    With regard to curing regimen, five levels 
were investigated.  They were: 1) curing adhesive joint  #1 only, 2) curing adhesive joint #2 only, 3) 
curing adhesive joint #1 followed by curing adhesive joint #2, 4) curing adhesive joint #2 followed by 
curing adhesive joint #1, and 5) curing adhesive joints #1 and #2 simultaneously. 
To execute an experiment involving the curing of a single adhesive joint, the gap between the 
gripper and anvil was filled with uncured adhesive.  Curing light was then transmitted into the 
adhesive joint.  Data from both capacitance gages were collected during the photo-exposure cycle as 
well as 40 seconds beyond to allow for thermal stabilization of the polymerized adhesive joint.  The 
capacitance gage readings taken at the end of this 80 second period were recorded as the permanent 
anvil displacements.   
A similar procedure was used for experiments involving the curing of two adhesive joints, with the 
exception that adhesive had to be deposited on both grippers prior to executing the experiment.  In 
cases in which the two adhesive joints were polymerized sequentially, data was collected for each 
curing cycle.   
The modeling and analysis approach described in section 2 was applied to predict the anvil 
displacements for the experiments involving the sequential polymerization of two adhesive joints.  In 
doing so, model predictions for the polymerization of the single joints were obtained as well.  The 
compliance matrices for 
the two beam configurations 
were obtained experimentally 
prior to the study.  This 
was done by removing the gripper block from the system, suspending known weights from each anvil, 
and using the capacitance gages to measure the anvil displacements.   
The compliance coefficients for each system are provided in Table 1.  As can be seen, C11 is the 
greatest and C22 is the lowest as would be expected with an extended beam configuration.   
 
 
 
 
 
 
 
 
 
 
 
 
Beam Stiffness  Node 1 Node 2 
Low Node 1 2.50 1.49 
Node 2 1.49 1.00 
High Node 1 1.05 0.56 
Node 2 0.56 0.35 
Table 1. Compliance coefficients (µm/N) for the two beam configurations 
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4 Results 
Figures 7 through 12 present the measured and predicted data for the six different system 
configurations and five different curing sequences.  Note that model predictions were not made for the 
case of simultaneous curing since it was beyond the scope of the modeling and analysis procedure. 
Two obvious trends in both predicted and measured data are that anvil displacements increase with an 
increase in adhesive joint thickness and increase in system compliance.  These results are expected 
given what is previously known about the shrinkage behavior of the adhesive joints. 
The influence of curing regimen on work-piece distortion is not intuitive.  Both measured and 
predicted results show that for cases in which only one adhesive joint was cured, the curing of the joint 
under the most compliant region (adhesive joint #1) led to less anvil displacement at both joints than 
curing the joint under the stiffest region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) Measured 
Bond at site #1 only 
Bond at site #2 only 
Bond at site #1 and then site #2 
Bond at site #2 and then site #1 
Simultaneously bond at sites #1 and #2 
 
b)    Predicted 
Figure 7. Anvil displacements for 
experiments carried out with the low Stiffness 
beam and 0.40 mm adhesive joint thickness 
Figure 8. Anvil displacements for 
experiments carried out with the low stiffness 
beam and 0.90 mm adhesive joint thickness 
a) Measured b)    
Bond at site #1 only 
Bond at site #2 only 
Bond at site #1 and then site #2 
Bond at site #2 and then site #1 
Simultaneously bond at sites #1 and #2 
 
a) Measured a) Measured b)     Predicted b)     Predicted 
Bond at site #1 only 
Bond at site #2 only 
Bond at site #1 and then site #2 
Bond at site #2 and then site #1 
Simultaneously bond at sites #1 and #2 
 
Bond at site #1 only 
Bond at site #2 only 
Bond at site #1 and then site #2 
Bond at site #2 and then site #1 
Simultaneously bond at sites #1 and #2 
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For cases in which two adhesive joints were cured sequentially, the sequence in which the adhesive 
joint underneath the most compliant section was cured first, led to substantially less anvil 
displacement at adhesive joint #1 and near equivalent displacement at adhesive joint #2 for nearly all 
cases.   The only exceptions were for the stiffer systems in which the adhesive joint thickness was 
0.9mm or larger. In these cases, this sequence led to slightly greater anvil displacement at adhesive 
joint #2. 
The sequential curing of  the adhesive joint #1 followed by the curing of adhesive joint #2,  led to 
less anvil displacement at gripper #1 than did curing adhesive joint #2 alone. It led to near equivalent 
displacements at adhesive joint #2. The only exceptions were for the stiffer systems in which the 
adhesive joint thickness was 0.9mm or larger. In these cases, this sequence led to slightly greater anvil 
displacement at adhesive joint #2. 
a) Measured b)     Predicted a) Measured 
Bond at site #1 only 
Bond at site #2 only 
Bond at site #1 and then site #2 
Bond at site #2 and then site #1 
Simultaneously bond at sites #1 and #2 
 
Bond at site #1 only 
Bond at site #2 only 
Bond at site #1 and then site #2 
Bond at site #2 and then site #1 
Simultaneously bond at sites #1 and #2 
 
Figure 12. Anvil Displacements for 
experiments carried out with the high stiffness 
beam and 1.40 mm adhesive joint thickness 
b)     
Figure 11. Anvil displacements for 
experiments carried out with the high stiffness 
beam and 0.90 mm adhesive joint thickness 
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The anvil displacement predictions provided by the sequential curing model show great fidelity to 
the measured data for all system configurations and for all curing sequences.  The coefficient of 
multiple determination (R2), which quantifies model prediction accuracy, was computed to be 0.97 for 
the combined predictions involving the two sequential cures.  It was computed to 0.97 for the 
combined predictions involving the sequential cures and individual cures. This indicates that the 
model correctly incorporates the influence of the test apparatus system compliance along with the 
compliance of the polymerized adhesive joints.    
The measured data derived for the simultaneous curing of the adhesive joints reflect the competing 
effects of shrinkage force development and elastic modulus development.  This is best illustrated when 
comparing this data to that derived from the sequential cure of adhesive joint #2 followed by adhesive 
joint #1.  In nearly all cases, the simultaneous cure yielded substantially less anvil displacement at 
adhesive joint #1.  This indicates that the elastic modulus development at adhesive joint #1 helped 
mitigate the cross compliance effect of the developing shrinkage force within adhesive joint #2.  This 
was done with no additional displacement at adhesive joint #2.   To a much lesser extent, the same 
phenomena is observed when comparing the simultaneous cure data to that derived from the sequential 
cure of adhesive joint  #1 followed by adhesive joint #2.  In this case, the displacements at adhesive 
joint #2 were slightly less for the simultaneous cure than the sequential cure.  This was despite the fact 
that the displacements at adhesive joint #1 for the simultaneous cure were generally larger than the 
sequential cure. 
The system compliance and individual residual forces that resulted from each curing experiment 
were not measured in this study.  They were predicted however.  Table 2 provides the direct 
compliance coefficients predicted for the system involving the low stiffness beam and the initial joint 
thickness of 0.9 mm.  Table 3 illustrates the predicted residual forces. 
Comparing data from Table 2 to Table 1, it can be observed that curing an adhesive joint 
substantially increases the stiffness of the local region that it supports.  It also stiffens the other region 
to a lesser degree as would be expected.  It can also be observed that in cases in which both adhesive 
joints are cured, curing order had virtually no effect on system compliance.  This is not surprising 
since the anvil displacements that result from shrinkage are very small relative to the initial joint 
thicknesses.      
The results from Table 3 illustrate that curing order has a dramatic effect on the residual forces at 
the adhesive joints.  Not only in magnitude and distribution, but in sense as well.   It can be observed 
that for both sequences, the residual force in the initial joint cured transitions from tensile to 
compressive at the end of the sequence.  
The trends illustrated in Tables 2 and 3 were observed for the other five system configurations as 
well.  Before final conclusions can be made, these results need to be experimentally validated.   But 
given the ability of the analysis methodology to predict anvil displacements, it is believed that these 
predictions are at least approximately accurate. 
 
Adhesive Joint 
Cured 
C11 (µm/N) C22 (µm/N) 
#1 .014 .1139 
#2 .303 .014 
#1 then #2 .0134 .0125 
#2 then #1 .0136 .0126 
Adhesive Joint 
Cured 
fr1 (N) fr2 (N) 
#1 17.48 0 
#2 0 35.52 
#1 then #2 -82.62 168.61 
#2 then #1 86.34 -90.08 
Table 2. Predicted compliance coefficients as a 
function of curing regimen for the system 
consisting of the low stiffness beam and 0.9mm 
initial joint thickness  
Table 3. Predicted residual adhesive joint forces 
as a function of curing regimen for the system 
consisting of the low stiffness beam and 0.9mm 
initial joint thickness  
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5 Conclusions 
The formation of adhesive joints between a work-piece and grippers provides an effective means 
of stiffening compliant work-piece regions.  However if the grippers are anchored during adhesive 
polymerization, the residual stresses that result from adhesive shrinkage can significantly distort the 
work-piece regions they are intended to support. This research shows that the magnitude of this 
distortion can be minimized by minimizing the thickness of the uncured adhesive joints.  However 
from a practical standpoint, this may not be possible.  A nominal clearance must always exist between 
an anchored gripper and the work-piece surface.  Consequently if work-piece geometric variability is 
large, a large nominal joint thickness must be designed. 
This research also shows that distortion can be influenced by the manner in which the adhesive 
joints are cured.  In the case in which the adhesive joints are cured sequentially, the curing sequence 
can be manipulated to minimize the distortion at various regions as well as minimize the maximum 
distortion for the overall structure.  Curing the adhesive joints simultaneously neither leads to the 
maximum distortion for a system nor the minimum.  However it can obviously reduce the overall lead 
time necessary to polymerize the adhesive joints. 
The modeling technique presented in this paper is useful, but is limited to applications in which all 
of the support grippers are orthogonal to a flat work-piece surface.   This is due to its use of an 
empirical model to predict normal direction shrinkage.  As is, this model can be extended into a design 
optimization model whose purpose is to optimize both gripper location and curing regimen for like 
applications.  This will be a focus of future research.  Future research will also be directed at 
developing a first principles model for predicting the effects of adhesive shrinkage.  This will allow 
for a much more detailed and general analysis of any application.   
6 Acknowledgements 
The authors would like to thank the support provided by Precision Grinding & Manufacturing Co.  
The authors would also like to acknowledge that Dr. De Meter is part owner of Blue Photon 
Technology and Work-holding Systems LLC.  Blue Photon specializes in the design and sale of 
equipment and adhesives to support PAAW technology. 
 
 
 
References 
 
Dauvillier, B. S., Hubsch, P. F., Aarnts, M. P., Feilzer, A. J. Modeling of Viscoelastic Behavior of 
Dental Chemically Activated Resin Composites during Curing. Journal of Biomedical Materials 
Research (Applied Biomaterials) 2001; 58:16–26. 
Doll, K. Characterization of Polymerization Induced Workpiece Distortion in Photo-Activated 
Adhesive Workholding, 2014; MS Thesis, The Pennsylvania State University.  
Hudson, A., Martin, S., Hubert, M., and Spelt, J. Optical Measurements of Shrinkage in UV-Cured 
Adhesives. Journal of Electronics Packaging 2002; 124: 352–354. 
Min, S., Ferracane, J., and Lee, I. Effect of Shrinkage Strain, Modulus, and Instrument Compliance on 
Polymerization Shrinkage Stress of Light-Cured Composites during the Initial   Curing Stage.  
Dental Materials 2010; 26: 1024–1033. 
Pisa, A., De Meter, E. C.  Experimental analysis of an adhesive surface grinding process, Journal of 
Manufacturing Processes 2015; 19: 38-48.  
 
Distortion of a Work-piece held by a Hybrid PAAW Fixture Doll et al.
306
  
Raffles MH, Kolluru K, Axinte D, Llewellyn-Powell H.  Assessment of adhesive fixture system under 
static and dynamic loading conditions. Proc. of International Mechanical Engineering, Part B: 
Journal of Engineering Manufacturing 2013; 227-267. 
Slopek, R. P. In-situ Monitoring of the Mechanical Properties during the Photopolymerization of 
Acrylate Resins using Particle Tracking Microrheology 2008; Ph.D. Thesis, Ga Tech. 
Watts, D.C., and Marouf, A.S. Optimal Specimen Geometry in Bonded-Disk Shrinkage Measurements 
on Light-Cured Biomaterials, Dental Materials 2002; 16:.447–451. 
 
 
Distortion of a Work-piece held by a Hybrid PAAW Fixture Doll et al.
307
